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EXECUTIVE SUMMARY

Task 13C of the Federal Aviation Administration (FAJlight Aircrafticing Plan, April 1997,
addressed med-phase conditions (liquid water droplets ar®l particles coasting in a region
of a cloud). This report ré@ws publity availabe evidence beang upon possible sdfe
hazards due to flight in med-phase conditions.

It is now well documented that xeid-phase conditions in the atmosphere are comrhoifact,

recent invesgations with modern instrumentatioruggest that these conditions are more
frequent and widespread th&wad been realized. However, onfnation charaerizing these
conditions which is suitable for addreggiquestions of aviation sdfeis vey limited. This is

parly related to difficulties of measurement. Until the late 1970s, une@ent was malyg
doneby use of vey labor intensive methods ugi droplet impact devices. Sindeeh, therehas

been increasg use of electraptical two-dimensional ptmes; these offer substantialvamhtages

but are still of limited resolution and accoyaand provide output which requires substantial
processig in order to separate and extract quantitative ice particle and liquid droplet data. New
instrumentation introduced in recer@ars is vey promising, but evaluation is ngét complete.

Facility simulation of mxed-phase conditions is difficult, and well-controlled simulations have
been done in vy few facilities in the world It is not known how well the various methods that
have been used actbiakimulate the natural environment, nor with whagyrde of fidelty it
needs to be simulated fdretinvestigation of some sayequestions.

The limited data available fromsgarch fights do not indicate that there isyadifference in
performance effects causday structural icing resulting fromifiht in mked-phase clouds rather
than in puréy liquid supercooled clouds. Furthermore, one flightdptsuggests that the
presence of ice patrticles in a cloud contagnliquid water can reduce structural icirges that
would be observed with the liquid waterlpnperhaps because of erosion of ice accrdiyothe
ice particles. Tere are data from two wind tunnel studies whichodénd sonme suppot to this
hypothesis. However, both the flight andrniehdata aredr a restricted range of conditions and
do not appearutficient for generalization.

Major technical reports gog back to the 1960s state thapesure to mied-phase oglaaated
conditions (ice particles dyin a region of a cloud) can cause anomalies irpdm®rmance of
engnes possessingarticular exgine deggn or engine inlet deggn featureseh as agine inlet
pronouncedends or flow revesal points Inrecen years therdavebeen reports indicatg that
a particular aircraft engine utilizing an unusual dual-stage, high4golidit stage low-pressure
compressor stator dgsi has experienced power loss instabilities in mixed-phaggtaorated
conditions encountered indhanvils of thunderstorms. To dmess this most recent dgs
concern,draft Advisory Circular 20.XX, titled, “Turbojet, Turlqmop, and Turbfan Engine
Induction Systemlcing,” states “lce accretion on internahggne vanes due to the presence of
mixed-phase ice accretionsyreffect flow capady and rem#ch of the egine cycle and should
be considered in the critical pointalysis.”[1]

Technical reports published in the 1950s and 1960s s$iattéhte cpacity of themal systems

may sometimes bexeeeded in mied-phase conditions, but more recent information on this
issue in the open literature is lacyin

v/Ivi



INTRODUCTION
PURPOSE
The purpose of this report is to review publievailable evilencebearng upon possible sdfe
hazards due to flight in méd-phase conditions. ked-phase conditionxist when liquid water

droplets and icearticles oexist in a region of a cloud.

BACKGROUND.

Federal Aviation Administration (FAA) igcraft icing regulations address icgn causedby
supercooledlroplets in the atmosphere which freeze upon or after impact with aircraft surfaces
resulting in ice accretions thatagnbe hazardous to flight. Apendix C to Code of Federal
Regulations (CFR), Title 14, Parts 25 and 29 contaiuglepes spetying liquid waer content,
droplet size, and temperature values tlouds contaimig supercooleddroplets. These
envelopes are used in the certification of aircraft ightlin icing conditions.[2]

FAA regulations do not contaimg explicit reference to nxed-phase icig conditions. The dg
requirements that explityt mentions ice particles refer to snow. Specificald CFR Parts
23.1093, 25.1093, 27.1093, and 29.1093 require that turbgiees “must opeitta thraughout

the flight power rage of the agine (includng idling), without the accumulation of ice ... that
would adversky affect emine operation or cause a serious loss of power or thrust ingfalhid
blowing snow within the limitations established for the ampl#or sich operation.”[2] Falling
and blowing snow is not a med-phase condition unless liquid water is present (which would
not be &pected with blowing snow).

FAA draft Advisay Circular 20xx [1], states that “Ta effed of ingestng snav during ground
operations can and should bakiated.”

14 CFR 33.68(b) requires ground operation “in an atmosphere tha& iemperature between
15 and 30 degrees Fahrenheit ... amslehiquid water cotent not less than ...n ithe form of
drops having a mean effective diaere..” Most @gine manufacturers demonstrate this
certification requirement in an enclosed test facwithile spaying liquid water from nozzles
into the inlet of the epne. The phse of the water/ice is sdly the water temperaturand
pressure within the sgy rig. It has been sygsted that it is possible that this test may
sometimes actulgl demonstrate a med-phase condition, just under the freezing point of water,
if some of the liquid droplets produckd the nozzles freeze prior to strikiniget test inlet egine
surface.

In April 1997 the Federal Aviation Administration (FAA) issued laflight Aircraft Icing
Plan.[3] Task 13C of the Plan raises the question of possibly $efeards due toifiht in
mixed-phase conditions. This dyuwas undeeaken in respase to that task.

Very little fully documented information appeared in the open literaglesant to this question
prior to the late 1970s. Information that did appear concernedhinly the freqercy of
occurrence of mied-phase conditions and thexmaum total water content (ice plus liquid) that



might be @countered ingch conditions, but notrg experimental or ardgtical invesitgations of
the hazards that such conditions might regmé

There are three refarees from the 1960s that céme taken as representatioé expert icing
opinion at that time. However, it is important to note that none of them provide substantive
documentation for the opinions thaeyhexpress; rather, #y are baed on the ve/ extensive

icing experience, much of it in ght, of the authors and their coltgees.

. FAA Technical Report ADS-4Engineering Summary of Airframe Icing Technical
Data [4], which was published in 1964 and drawseasivey on the National Advisy
Committee for Aeronautics (NACA) iog researctof the 1940s and 1950s.

. A presentationgiven by William Lewis at an Aircraftice Prdection Symposium
sponsoredby the FAA in 1969.[5] Lewis was oe of the leading NACA icig
researchers, authag or coauthomg of many of the NACA reports on atmosphericngi
conditions during the 1940s and 1950s.

. A text by O. K. Trunov.[6] Trunov is geeraly recognized a the mog eminen of the
Russian aircraft icing rese&rs. In 1965he published this wg thoraugh text, which
was translated intoriglish and published in 1967 under the titteng of Aircraft and the
Means of Preventing.It

Beginning in the late 1970s, a few reports began to appear g tiehnel ad flight studies of
mixed-phase conditions. The icing tunnel tests placed considel@i@nds on thengenuty
and determination of the experinters, since there was no routineywof simulatirg mixed-
phase conditions. This remains ldsgérue tody, althaugh progress hasheen mde for
simulations focusig on emgines when it is considered satisfagtto simulate the ice phase with
small ice spheres from nozzles. The flight studies bedefitem new éedrooptical
instrumentation that had becomeadable dumg the 1978 and could be uset characterize the
ice phase more efficiently.

MIXED-PHASE CONDITIONSIN THE ATMOSPHERE

COLD CLOUDS.

Aircraft icing occurs in cold clouds, that is, clouds in which the temperature is bét@wy
(Reference 7 is a primasource for the material in this sectiori.)quid droplets found in such
clouds are said to be superded because thetemperatre is below OC; a cloud consisting
entirdy of such dropets is referred to in this regaas a purly liquid supercooled cloud. At
temperatures between —4 arflCOpurey liquid supercooled clouds are common. However, as
temperature decreases, the probghbiticreases that at least some ice particles will be present in
the cloud, since active freeg nuclei are more numerous at lowemperatres.[8] A cloud in
which both supercooled liquid droplets arod particles are psent is called a mied-phase
cloud. At temperatures below ahe@0°C, mayy clouds consist entihg of ice partites; such a
cloud is called a glaciated cloud.aboratoy experiments indicate that at temperatubetow
about -40C, all clouds arelgciated.



The above discussion does ndtgaccount of temperature variation within a cloudichttan
be considerable xeeedng 10°C even in stratiform clouds of sufficient depth. Thus cloudgy m
have “cold” (<OC) and Wwarm” (>C0°C) regions, and if the cold region is of sai€ént depth, it
may contain purby liquid, mixed-phase, and glated regions.In the material that follows, it is
to be understood that general statementkeming mked-phase clouds maglso appy to a
mixed-phase region of a cloud.

Mixed-phase cloud is not stable due to the difference in saturation pressceeaoid water.
(For example, air which is “just” saturated with respect to liquid water 4C-isupersatutaed
with respect to icky 10%; at -20C the orrespondng percetage is 21%.) fie result is that ice
particles grow at thexpense of water droets. The differece in saturation vapor pressuras
the net effect of water molecules escgpirom water drofets into the ambient air, and water
molecules beig captured from the ambient &y ice partides.

There are staments in the literature to the effect that thespheansition process proceeds so
rapidy in the atmosphere that xeid-phase conditions are necedgashot-lived. Fa example,
reference 5 states: “Becaudfethe differance in saturation vapor pressure, tiesence of ice
crystals tends torg up the liquid drops, thus, liquid cloud droplets canmigtefor more than a
few minutes in the psenceof an areciable cacentration of ice ystals.” Havever, it is well
documented that méed-phase conditions are frequgnbbserved, which may ugygest that the
transition from mxed-phase to glaciated conditions is more gaadinder sora conditions.
Reference 9 addrsss the so-called “plsa rdaxation time” which relates to the rate at which
transition occurs.

This report focees on mxed-phase clouds. Hower, it can be difficult to distingumsgladated
clouds from mxed-phase clouds possessusgy low liquid water content, both as to Egsment
to the proper categyp (glaciatedor mixed-phase) ah as to possible effects on aircraft,
particulaty aircraft engines. Thus some discussiohgbaciatal clouds will be included in this
report. Reders wishng a thoraigh discussion of the characterization of gdéed clouds are
referred to refemces 10 and 11.

ICE PARTICLE INSTRUMENTATION.

A variety of instruments fordetectirg, countirg, sizing, and im@ing ice particles has been
employed over theyears. In readimy the literature concerngnthis instrumentation and the data
obtained with it, it is sometimes useful to be aware thatdbesdall into two main groups. One
consists of cloud lysics reseafwers, who are interested inva#oping a detailed understandi
of many aspects of clouds. The anfmation they develop is valudle for a number of yrposes;
one is improved forecasts, calmanother, vey sigrificant historicdly, is weathe modification
through cloudseedng. The other group consist$ aircraft ichg researchers andngineers,
whose interests focus on characteigime icirg envirorment and determingthe effects of that
environment on aircraft and how to protect them; this includes the certificdtiamcaoaft for
flight in specifiedicing conditions. There is overlap between theo tgroups prominent
examples beigp the Research Applications Bram at the National Center for Atmospiaer
Research, and the cloutiysics research group at Caa&s Atmospheac Environment Service,



both of which have made outstanding contributions to the understanding of both fundamental
cloud physics and the aircraft icing environment.

For the purposes of this report, the main types of ice particle information obtained from
instruments can be categorized as follows:

1.

2.

Detection of the presence of ice particles in cloud.

Ice water content (IWC). This is the total mass of ice particles per unit volume of air.
Related terms are liquid water content (LWC), which is the total mass of liquid water
droplets per unit volume of air and total water content, TWC, which is the sum of the first
two. Common units for all three are ¢/m

Ice crystal concentration (ICC). This is the total number of ice particles per unit volume
of air. Common units are number/L.

Size of ice particles. Usually a maximum length is used, and common units.are

Shape of ice particles. There is a great variety of shapes, a topic briefly surveyed in the
section “Types of Ice Particles in Atmosphere.” One reason particle shape is important in
cloud dynamics is that it influences particle terminal velocity, which effects particle
growth by aggregation.

The main types of instruments which provide information about ice particles can be categorized
as follows:

1.

Instruments which sample a part of cloud so as to determine the presence of ice crystals.

Clearly, instruments which provide information in categories 2 through 5 above must
indicate the presence or absence of ice particles. However, some instruments, especially
those used in the early days of aircraft icing research, indicate the presence of ice
particles but provide no further information about them. An example of this is the cloud
indicator described in reference 11. This instrument was introduced primarily to provide

a means, especially needed in patchy clouds, of determining the time of entering and
leaving cloud; however, it also proved useful in determining the presence of ice particles
in cloud. It consisted of a heated cylinder with a thermocouple to measure the surface
temperature at the stagnation point. Upon entering a cloud, the temperature dropped very
rapidly, sometimes by as much ashk@n a second. Since it was more sensitive to liquid
water drops than to snow or other ice particles, it could also be used, in conjunction with
visual observations, to determine glaciated or mixed-phase cloud. Based on statements in
reference 5, it appears that researchers recorded mixed-phase conditions when the cloud
indicator supported the existence of ice particles, and at the same time, visual observation
of ice accretion on the aircraft indicated that at least some liquid water was present; if
there was no accretion, snow or glaciated cloud was reported. The statistics that were
compiled concerning the frequency of occurrence of mixed-phase and glaciated



conditions using this approach are discussed in the section “Frequency of Occurrence of
Mixed-Phase Conditions.”

Instruments which sample a part of cloud so as to determine the TWC. If only ice
particles are present, or there are reliable means of determining LWC, then IWC can be
determined since TWC. = LWC + IWC.

In the late 1950s, studies were conduced in tropical regions in response to engines
malfunctioning on Britania aircraft, in glaciated or mixed-phase cloud, in the equatorial
zone.[13, 14, 15] These studies employed a pitot-type ice concentration meter mounted
on the forward escape hatch on top of the aircraft. It exposed an open ended tube to the
airstream so that free ice and water were collected inside the tube. The tube walls were
heated by a thermostatically controlled heater system and the melted ice and water were
collected in a measuring system inside the aircraft. This instrument measured TWC
rather than IWC, but results from the study have been used to put forward standards for
IWC, implying that a basis existed for concluding that no liquid water was present in
some of the clouds measured. The proposed standards are discussed in the section
“Characterization of Mixed-Phase Conditions.”

The Nevzorov hot-wire probe consists of two different sensors for measurement of TWC
and IWC, the difference of which yields IWC. The first version of the probe was
developed at the Cloud Physics Laboratory of the Russian Central Aerological
Observatory in the 1970s, and the current version, incorporating the sensor sensitive to
liquid but not ice particles, was designed in the 1990s. [16] This probe has been used in
several field experiments conducted since 1994 by the National Research Council and
Atmospheric Environment Service of Canada, and has also been used in recent field
studies conducted by NASA Lewis Research Center.

Instruments which sample a part of cloud by capturing a collection of particles or their

impressions on a specially treated surface. Statistics are computed from the individual
particle measurements. A problem with such techniques is that some ice particles,
particularly the more delicate ones, fragment when they collide with the surface.

Cloud physics researchers have used a variety of instruments of this general type. The
simplest approach is to expose a slide specially coated with an appropriate substance,
such as mineral oil, to the airstream for a short period of time. Analysis of such samples
involves subtleties and is tedious.

Another method [7] is to expose a moving strip of 16-mm movie film, covered with a

special plastic solution in ethylene dichloride, to the cloudy air so that ice particles
impact on the film and become embedded in the solution. Evaporation of the ethylene
dichloride leaves a thin plastic skin; ice evaporates through small holes in this skin but
plastic replicas of the ice particles are retained on the film (a similar technique can be
used for cloud droplets). By counting the number of ice particles collected on a strip of
film which has swept through a measured volume of cloud, the concentrations of ice



particles in the cloud can be deduced. Again, analysis is tedious and time-consuming,
and has rarely been done for more than just spot samples in carefully selected clouds.

Instruments which sample a part of cloud particle by particle.

The widely used electrooptical instruments developed by Particle Measuring Systems,
Inc. (PMS) are of this type. They are used for both solid and liquid particles. The one-
dimensional (1D) optical array probes (OAP) determine particle diameter by counting the
maximum number of photodiodes that are shadowed by the particle as it passes through a
laser beam. The two-dimensional (2D) versions of the OAP incorporate additional fast
electronics to record multiple, sequential measurements or time slices of the particle as it
traverses the beam. This makes possible a 2D reconstruction of each shadow, thus
yielding information on particle shape as well as size.[10]

An early flight study [17], conducted by the University of Wyoming, exemplifies the use

of output from OAP instruments to differentiate ice particles from water droplets (as well
as measure the size of large droplets and particles). For this study, the Wyoming King
Air aircraft carried three PMS OAPs to measure hydrometeors larger thapr87is
diameter (see table below, which reproduces table 2 from reference 17). (As the
footnotes indicate, some researchers consider the counts in the smaller bins of these
instruments to be unreliable and ignore them.)

TABLE 1. PMS PROBES USED ON WYOMING KING AIR [17]

Probe 1D-C 2D-C 2D-P
Size Rang@® 12.5-187.51m 25-800um | 200-640Qum
Resolution 12.5um 25um 200pum
Sample Volum® ~05L 48 L 168 L

(a) Diameter or maximum size.

(b) Smallest 1D-C size used is 3ut = 3*12.5um (implying that the first two bins were ignored) and
smallest 2D-C size used is ffh = 2*25um (implying that the first bin was ignored).

(c) Per 100 m of flight.

Since the 2D probes record two-dimensional images, they can be used to distinguish, on
the basis of shape, between droplets (approximately spherical) and ice particles
(irregular). An algorithm for doing so by means of numerical techniques is discussed in
reference 18. However, the resolution of the instruments is such that it is generally not
possible to distinguish between ice particles and water droplets if the diameter is less than
200pum.[19, 20]

In addition, IWC can be estimated from these crystal-by-crystal images. However,

besides the problems in distinguishing ice from water, there is the problem of additional

assumptions having to be made regarding the crystal density and thickness. Such
assumptions entail various degrees of uncertainty in the resulting IWC calculations.



5. High qualty imaging instruments.

Recenly, instrumentshave been deveped which are capéb of providng vay high
quality, high-resolution images. he digital hobgraphic prbe [21] permits the
discrimination of ice particles from wex droplets down to diarters of D um and even
makes possible the identification of iceystal shapes (called habits)daeffects of
riming on ice cystals. Such an instrument was included on the Convairésearch
aircraft used in the Canamh Freezing Drizzle ¥periment (CFDE) field program
conducted near Slohns, Newfoundland, in March 1995. The clgadticle imager [22]

is an upgradedersion in which modifications to the optics have substantiatiyeased

the percentge of in-focus particles. This instrument has been operated on three different
researchiacraft durng experiments in the Arctiche Canadian Great Lakes, andkas.

As of this writirg, these fine-scald&ctronic particle imges must be treated in much the
same vay as heir hard cpy counterparts fromlgss slide or film. The discrimination
between ice and water must be done maynwalby agorithms similar to those used with
the PMS 2D probes and are subject to similar uacgies. However, because of their
greater resolution, down to several microos Jome instruments, sourcek error are
minimized.

TYPES OFICE PARTICLESIN THE ATMOSPHERE.

The nature of ice particles in the atmosphere has been extgrsdivéied throgh a combination
of in situ and laboraty techniques. Refenees 7, 23, 24, and 25 are all goodirses of
information on this topic, and there arenyp@thers. This section relies mbjron reference 7.

Symmetrical ice cystals gowing drecly from thevapor ghase can assunegewide varigy of
habits, all of which can be brdgdclassified as plalike or prismlike. The bas habit of a
crystal is determinedly the temperature at whichgtows, with chages occurrig near -4, -10,
and -22C. Embellishments of the basic habits are determiyeitie degree of supsturation
of the air with repect to ice. (Br example, the bnaching dendrite is considered an
embellishment of a heganal sector pl&.) Ice cystals are exposed to continbyakharging
temperatures ahsupesaturations as #y fall through clouds, fuitter increasig the vari¢y and
complity of the fiapes tky can assume.

In a mked-phase cloud, igaarticles also increase in mdsscolliding with supercooled dplets
which then freeze onto them, a process called gmiNarious characteristics (mass, dénsi
terminal velodiyy) of rimed ice particles differ from those iake aystalsgrown exclusivéy from
the vapor phse.

A third mechanismby which ice particles grow in clouds &/ aggregation. Aggregation
requires collisions, which are more frequent if terminal fall speedg significanty. Such
variation is greater amongst prismlikeystals than platelike rgstals and is ignificanty
enhancedy riming. Aggregation also requires adhesion follmyvcollision. The probabtly of
adhesion is greatest at temperatures/atabout -8C, a tenperature at which ice surfaces are
said to become sky. Furthermore, intricatergstals, such as dendrites, tend to adhere to one



another becausédy becane entwined on collision. A snowka may consist ® an aggregation
of hundreds of icergstals.

The varigy of ice particles is further increasby processes (sometimes called ice multiplication
mechanisms) in the atmosphere which break up ice lgati¢-or gample, some icergstals are
quite fragile andnay break up into may pieces vinen they are subjected to meanical stress. A
more complicated ice multiplication mechanism, called splimgerinvolves water droplets
freezirg from the outside in after congninto contact with ice particles, followeby an
explosion due t@xpansion of trapped wer, resultig in many ice splinters.

Finaly, ice aystal type found at a particular location in a cloud is not symglfunction of
temperature ahsupersaturation at that locatioft is common ér a mture of gystal types to
be found. Ice aystals forming at higer (and usu&y colder) altitudes in the cloud can fall
through that cloud to lower altitudes. Thus, orey wbserve dendritic ystals inaregion where
the temperatureuggests that columns shouldlprbe present. Tie temperatureletermines the
type of gystal that willgrow at a particlar location but not whatrgstals nay haveformed
elsewhere and fallen to that location.

This discussion is meant ve an indication of the immense vdysieand complexy of ice
particles in the atmospherdt is clear that the haracterization of an actual population of ice
particles in the atmosphere must neaglk/ be rather incompletexcept in special, tativdy

static conditions. Furthermore, in mixed-phase conditions the characteristics of the ice particle
population need to be described in conjunction with those of the associated liquid water droplet
population. Studies have indicated that the size spectrum of the dvapézt population can
influence ggnificanty the size spectruf ice particle population.[26]

Just as the description of populations of ice particles and water droplets in the atmosphere is
necessaly incomplde, test conditions in simulation facilities carlyoorudedy approximate such
conditions. A brief survewf simulation practice for med-phase conditions is presented in
appendix E.

FREQUENCY OF OCCURRENCE.

There is &tensive documentation, gg back at least to the late 1940s, thakediphase
conditions are a common occurrence in the atmosphere, at least in the middle latitudes of the
Northern Hemisphere where most of the valg datahave been collded. Some of the data is

from aircraft icirg studies and much is from studies related to thential efficay of cloud

seedilg schemes.

ADS-4 [4] states: “Flight through clouds of ice sgls, snow or mxtures of ice gystals and
liquid water is not uncommon.’In support of this assertion, ADS-4 reproduces Tabl&dm
NACA TN 1904.[12] The table shows that durihgearof inflight icing research in northern
North America, 23.6 per cent of the total time in visible moisture wasxedrsnow and liquid
water, and 3% per cent was in snow; more than halfte encouters involved ice rystals or
snow to some degree. Thisditempbyed he cloud indicatodescribe&l above, in combination
with visual observation, to determine xad-phase and glaciated conditions. €abl is
reproduced in its entitg in appendix B.



In his FAA symposium presentation [5], Willam Lewis made an interesting statement
concerning the results of an analysis of cloud and icing frequencies observed on weather
reconnaissance flights. Lewis said: “At a temperature OE,-Sixty percent of the time in
clouds was without icing, indicating that the clouds were composed entirely of ice crystals.”

This statement is interesting in two respects. First, it indicates that the NACA researchers
apparently assumed that when flight in cloud at subfreezing temperatures did not result in any ice
accretion, the reason was that the cloud was glaciated. Second, for the study in question, the
proportion of presumed glaciated clouds is remarkably high for a temperatuf€of -5

O. K. Trunov includes in his text [6] a table (compiled by I. G. Pchelko) which includes over a

thousand observations in icing conditions and shows that 41% of the observations of icing
occurred in purely liquid supercooled cloud, 54% in mixed-phase cloud, and 5% in glaciated
cloud. This table is also included in appendix B.

Another study [27] carried out in Russia concluded that mixed-phase clouds occurred frequently
at temperatures between’-G and —30C

Reference 15 reports on 1091 hours of flight data; most was collected either in summertime
cumulus clouds in Montana or wintertime orographic-frontal systems of northern California.
The report indicates that approximately 85% of the time that liquid water was encountered at
least some ice particles were present.

Reference 28 describes a study concerned with the potential for enhancing snowfall in winter
orographic clouds which was conducted over the central Sierra Nevada range from 1978 to 1980
as part of the Sierra Cooperative Pilot Project (SCPP). Since the potential is believed to be
greatest in an ice-deficient environment, the researchers computed the ratio of LWC to ICC.
Considering those cases where LWC was nonzero, the ratio was undefined (i.e., ICC was zero)
only 3% of the time. In other words, for this orographic study, liquid water droplets were
accompanied by at least some ice particles 97% of the time.

Reference 7 includes a figure, apparently also motivated by interest in cloud seeding, relating the
probability of ice particles being present in a cloud to the temperature at cloud top. The
probability steadily increases as the temperature decreases F&ow @ouds with tops at
temperatures between 0 andCG4generally consisted entirely of supercooled liquid droplets. At
cloud top temperatures of -XD there was about a 50% probability of ice particles being present,
and below about -2@ that probability exceeded 95%.

Reference 29 reports on aircraft icing research conducted during the second phase of the
Canadian Atlantic Storms Program (CASP Il) based in St. John’s, Newfoundland. There were
31 flights totaling 119 hours conducted over Canada’s maritime provinces and the North
Atlantic, and about 20% of the data contain significant ice particle concentrations. For a portion
of the rest of the data, not specified in the paper, there were also some ice particles present.

NASA Lewis Research Center has carried out an extensive atmospheric icing research program
(1996-98) in the lower Great Lakes region; the primary goal of which has been to study



supercooled large drbgt (SLD) icing envirorments. Although oly preliminay data are
available, it is clearnat mixed-phase conditions have been freglyeahcoumered whetheror
not SLD was found.[30]

The Canadian Freezing Drizzlieriment (CFDE) has carried ousearch camggns in both
Canada’s maritime provinces in the northwest Gkedkes region In CFDE I, in the maritime
provinces, mixed-phase conditions existed approxima@% of the time that liquid water
droplets were paent during 12 research flights.[31h CFDE Il, in the Canadian Greadakes
region, mked-phase conditions have also occurred fredyealthaigh orly preliminay data is
available.[32] The CFDE studies, like the NASA studies,ehfound that iceparticles
sometimes coexist withL®.

Data from the Winteldcing Storms ProjectWISP) were obtained inortheastern Colorado
during faur winter seasons. Nebr all measrements were in clouds damning sypercooled
liquid water. Of those clouds4% also containecte aystals. Stratifiedy the temperatuseat
which the measurements werekdn, these percentagesngad from 75% for teperatres
between 0 and &€, 68% br temperatures between -8 and°@279% for temperaturdetween
—12 and -16C, 57% for terperatures between -16 and 220 80% br temperatures beten -20
and -24C, and 100%dr temperaturebelow -24C.[33]

These results, from a vatyeof environments in different ggraphic regions of bith America,
could be supplemented by others, espbcilbm cloud seeding studies. &hprovide ample
evidence ltat mixed-phase conditions occur withpaedable frequeay in North America, with
estimated percentagesnging from 20% to wer 90%dependng on region, environment, and
temperature.

CHARACTERIZATION.

Apparenty no atmosphéc data onWC or ICC were collecteddy the NACA icing researchers

of the 1940s and 1950s. ADS-4[4], which relies so hgarn the NACA reports, incllies oy

table C-1 entitled Ite Cystal Concentration Standards,” najithat it was suppliedy the
National Research Council of Calaa The t&t indicates that the standards preasdrare for se

in ergine testirg. Noteworhy aspects of the table are that it lists values for TWC values rather
thanIWC and that some ohé values areery high, 8 g/ni in one case, anl g/m’ in several
others. The datare similar to, and likg derived from, that which appears in refered@
which was mentioned earlier and whiaescribed research rédal to egine problems
encounteredby the Britania.

Trunov’s tet [6] includes specific discussion of special invgations in the tropic regions of
Africa and the Atlantic conductebdy the English Meterologcal Service in 1956-1958 and
listing refereces 34 and 35. Trunov statthat “the reasm for carying out investgations was
due to casesf motorsdying on tre aircraft Britania dung icing in aystalline clouds’ He
states that these “complicationstcurred in “aystal clouds” which were “encotered in the
tropic regions ofAfrica where straog shifts of air mases ocar due to tle greatheatirg of the
earth.” Referencig Ballard [34], he states that “the maximum concentration of i ganT,
and the mamum size of the nystals reaches 3 mm.” About 90% of tperticles are said to
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have had a mamum dimension of less than 1%0n. The fpenomenon of “dry” ialg was
reveded durng a flight thraugh summits of cumulonimbus clouds containingae gantity of

ice aystals. Obervations made slwed that the altitude in the tropics at which clouds
containing a largeugntity of arystals were found varied from 6000 to 9000 m. Titerd of the
crystal clouds sometimes reachsssderal hundred kilometers. Trunov states:

As a result of thee investigations a general table of conditions of icing was pealyo
which covers a rage of altitudes up to 18 km and includes the content of water both in a
liquid state and also in the form ofystals. These anditions, given in table 10, were
discussed at one of the internationahfeoences on theroblem of icng, but tkey were
not acceted as ofifcial cdculation conditions.It is obvious that the degning of deicing
systemsby these conditions at avgn level of technalgy is an impractical problem.
Table 10 is also included as talile?2. It essentially is a caersion of tablel-6 from ADS-4
(table C-1 in this report) to metric units, withryeslight adjustment.

TheJAA currenty includes dable in itsguidance material [36] which is also similar in format to
table 1-6 in ADS-4 and contains some of themeavalues; it could faliy be callel a truncated
version of table 1-6 with a meaguarticle diaméer (1 mm) aded. In fact, theJAA table ha a
footnote referencigp[13], which implies that the values are based on the atdlacted with the
pitot-type ice concentration meter for determination of TWC discussed in the previous section.
This instrument gavealues substantiigl higher than those recded from ay other instrument.

Jeck [37] has proposed standards ihflight ice/snow conditions (not méd-phase conditions)
based on armgses [11, 37] of 7600 nmi of select ice padioheasuremestin avarety of cloud
types over the U.S. at altitudes up to 30,000 ftvabsea leel (ASL). These standards are
included in table C-4 also mented in appendix C. Th&VC values st@d are substantisl
lower than those whit appear in the othetables discussed in thisection all of which
appareny derive from refenace 13.

ICING IN MIXED-PHASE CONDITIONS

AIRCRAFTICING.

In this report, the followig definitions are adopted: Structuralnigiis icing that occurs onry
part of the airfrene or on ay probes or other protuberancesngihe icing is icing that ocars on
the inlet lip or within the enginlkeeyond the inlet lip.

Structural icing and r@ine icng have lang been reagnized as problems in clouds contaqi
supercooled liquid droplets since shalroplets freeze upon or after impact with aircraft surfaces,
resulting in ice accretions thaiagnbehazardous to flight.

GLACIATED CLOUDS. Most researchers haviewed stuctural ichg in dacided clouds as at
a rare (or npexistent) phenomenon since iparticles arebelieved to bounce offrgt, unheated

surfaces. Howeer, for enginesof some deigns, @égine ichg problems caroccur n glaciated

clouds if a sufficient mass ice particles is ingested under certain conditions.
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ADS-4 [4] contains relatively little discussion of icing in glaciated (or mixed-phase) conditions
and in fact references only one NACA report for the material that it does include. ADS-4 states:
“Dry snow or ice crystals are not usually a problem. The exceptions have been in the case of
turbine engine inlets of great length and curvature.” It also states: “When encountering ice
crystals and snow in dry clouds, it is not necessary to turn on the ice protection system.”

In his presentation to the FAA Aircraft Ice Protection Symposium in 1969, William Lewis
stated: “If a cloud is composed entirely of ice crystals, icing does not occur on external surfaces,
whether heated or not.” While most sources agree with this statement for unheated surfaces,
there are a number of sources, including ADS-4, which disagree that it is always true for heated
surfaces.

O. K. Trunov [6] discusses hazards due to glaciated and mixed-phase conditions at several places
in his text, albeit somewhat briefly. On page 42 of the English translation, he states that during
flight in glaciated cloud, “icing, as a rule, does not occur” because, “in ordinary conditions ice
crystals, colliding with the cold surface of the aircraft, slide from it and pass by the air flow.”
However, although he states that “dry” icing is a “rare phenomenon,” he does present a table
(B-2) indicating that for a study encompassing approximately one thousand observations of
aircraft icing, about 5% occurred in glaciated conditions.

MIXED-PHASE CLOUDS. Aircraft icing occurs in mixed-phase clouds, since by definition
such clouds must contain some supercooled droplets, and these will freeze upon or after impact
with aircraft structures. However, what is the influence of the ice particles in a mixed-phase
cloud upon structural icing? Do the ice crystals bounce off an unheated surface on which there is
liquid water, or do they become embedded in the surface water, contributing to the mass of the
accretion when the water freezes. How do they affect the operation of ice protection systems,
particularly thermal systems? Finally, does the mixture of ice crystals and liquid water pose
special problems of internal engine icing for some designs?

ADS-4 states that in a mixed-phase cloud, ice may accumulate and require use of the ice
protection equipment. It cautions that the “capacity of thermal systems may be exceeded,”
however, making it “necessary to escape the icing condition as rapidly as possible.” The

document also notes speculation that “reports of excessive icing might be the result of flight in

mixed clouds with anti-icing systems overtaxed by the increased heat needed first to melt the ice
crystals, then to warm and evaporate the water.” Later it states: “Documented evidence of
severe airframe icing problems in clouds of ice crystals or mixed clouds is lacking, however. As

long as the engine continues to deliver the required thrust, operating in ice crystals is not likely to
present severe problems.”

Lewis states: “In mixed clouds the effect on external surfaces is not materially different from
that of the liquid water alone. As long as the air flow is such that the ice crystals are not held in
place but are blown along after impingement, the cooling effect of the ice is almost negligible.”

Trunov states that “ice crystals contained in mixed clouds” play a role “in the ice formation on
the surface of aircraft.” He further states that during experimental flights he personally observed
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that ice particles “were impgaated into a film of ice formety supercooled drops on the
surface of a céain part of the aircraft.”

STRUCTURAL ICING.

FLIGHT STUDES. There are reports in the open literature on three doteenerperimental
studies that address aircraft icing inxed-phase conditions in the atmosphere.xédiphase
icing was not thexelusive focus of my of these studies, but all of thegive results on the effect
of the ice particles on the igrprocess or the impact of the ice on the aircraft performance.

The first staly is reported in references 17 and 38jchkhare companion papers whidéscrbe
icing conditions encountered and resytperformace effects, for the Univetyi of Wyoming’s
Beechcraft Super King Air 200T duag research fghts dumg the late 1979and ealy 1980s.
This aircraft is a low-wing, swept T-tail, pres&ed win-turbopop certified for flight into knavn
icing conditions. Pneumatic deicing boots protect the wing amzontal stabilizer. The
windshield, pitotmasts, and fuel vents are anti-iced using electrical heat, and the propeller is deiced
usingelectica heat. Inlet ice protection islso provided Most of the data for this study were
collected either in summertime cumulus clouds in Montana or wintertilograghic-fontal
systems of noftern California. Te analysis of aircraft performace utilizes a method desoeid
in reference89; the investigators compared the rate of climb capgloifithe aircraft with ice to
the rate of climb capabiyi for the clean aircraft under the same conditions.

The aircraft carried three PMS ogli@array probes, some of whose charactessstire given in the
table in the sectim“lce Particlelinstrumerdtion.” As explained in that section the 1D-Cprobe
records oly sizes, but the 2D probes also record twoedsional images. Referemd7 stags
that in this stug the 2D probes were gendyalised to detect ice particles for sizes larger than
200-2%) um.

The auhors statethat their main corclusion concernig mixed corditions is ttet ice partcle
concentration was unatéd to perfomance degradation for this researcbgoam. Since this
conclusioret least patialy depends on dir correlation of icing potentiakith aircraft perfamance,
this aspect of theiwvork will be lriefly reviewed.

“Potentdl accumulation” is déned in this wok as “the nass d supercooled weter thet would
accrete, per unit surface area, if the collectiditiehcy were unty.” This is a simple measure;

note that colletion efficiercies on some surfaces can be ag & 0.2, and other fact such as
sublimetion of ice, are not accounted for. Note also that ice particle content of the cloud is not part
of the definition. The concept potential accumulation was empéal in a more recent agsis of

icing data fom the sime aircraft ollected duing the Winterlcing and Stoms Poject (WISP), but

this stuly did not address med-phase conditions.[40]

The poential accumulation was calculated for 505 indiddaing encounters which were taken to
begin with tte first exposure to supercooled water (>0.025 Yj/mnd end when thambient
temperatureexceeadd °C. The authors found that itypical icing conditions, # potential
accumulation was well coratéd with the effects of icing on traircraft when all ice protection
systems were used. (This good eation was considered surprising because other parameters
possiby influencing performance, such as droplet size spectrum, temgeaatlraltitude, varied
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over a wide range in the data set.) Specifically excluded from typical conditions are cases where
supercooled droplets of 40-3@Mn diameter were present. (These were found to be potentially
hazardous even with the full icing protection of the Super King Air in operation, showing an effect
on performance far greater that would have been predicted on the basis of the liquid water content
or volume-median diameter.)

The authors of reference 17 concluded that because of the wide variability in the ice particle spectra
for the cases they examined, the good correlation of performance correlation with potential
accumulation argues against a large effect attributable to ice particle accretion.

However, they note that the hydrometeor spectra in this study “seldom contained enough mass in
the ice phase to account for significant accretion, even with 100% collection efficiency, except in
the graupel sizes where substantial sticking to the impacted surfaces is unlikely.” Due to this and
other limitations of their data, the authors emphasize the weakness of their evidence for
generalization.

In conclusion, they state: “Although we cannot claim that ice particle accretion never occurs (for we
have seen aggregates stick to the leading edges), or that erosion is unimportant (for we have also
observed apparent cleaning of the leading edges after penetration of graupel showers), the effects on
performance which we have observed can be explained without attributing any major influence to
ice particle accretion.”

A second study, conducted by Bain and Gayet, is discussed in references 41 and 42; this report will
rely primarily on the second of these references. The study involved icing experiments with an
instrumented DC-7 aircraft carried out in Spain during the Precipitation Enhancement Project (PEP)
experiment in 1979.

The instrumentation used included three hydrometeor-sizing probes, an FSSP with a gnto 45-
range, and two OAPsa 1D-C with a 20- to 30Qm range, and a 1D-P with a 300- to 4%00-

range. A Johnson-Williams probe was used to determine liquid water content, which the authors
note is not fully responsive to droplets larger thap®dn diameter.

No direct measurements of ice particle concentration were made by the DC-7 during PEP.
However, estimates of ice particle concentrations were made by “comparison of measurements of
the 1D-C and ID-P probes to the microphysical measurements performed by a Queen Air which
was instrumented with 2D probes during the PEP experiment.” In justification of this approach,
they briefly describe research using an impactor device and a 2D-C probe which showed that, “in all
the studied clouds, no raindrop with a diameter greater thapr@@@as present in the supercooled

part of the clouds which implies that all such particles were ice particles.”[41]

The main conclusion of the study is that the mixed conditions encountered (all of which resulted in

a dry growth regime) indicate that the ice phase plays an important role in the ice accretion process,
reducing the rate of accretion substantially. For a range of temperature from -Z1, ttheS8icing

rate appeared to be reduced ~50% by the presence of large ice particles in concentrations above
5 L. A possible explanation is that the ice particles eroded the ice deposit formed by the
supercooled water.
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In characterizing the ice particle conditions included in their study, the authors note that in the
temperature range from -8 to <Z, the main crystal habit is planar. They state that the maximum
dimension of the sampled ice patrticles varied from 500 to 620 Using a mass-to-dimension
correlation table, they conclude that the corresponding mean mass of ice particles in the study was

15pug.

These measurements also suggest that the effect of the mixed conditions (ice crystals present among
supercooled droplets) is to reduce the icing rate by more than 50% possibly because of the erosion
caused by the large ice particles impinging on the ice deposit. The ice accretion reduction effect
was observed in cumuliform clouds most often at temperatures né@r aR@ generally for ice

particle concentrations greater thans Lin this study, only particles with a diameter >200 are
considered to be active ice particles for the erosion process.

Since the mixed-phase conditions were always encountered during a dry growth regime, the authors
infer that the observed ice accretion reduction effect could not have been due to liquid water
shedding.

The authors caution that “our conclusions cannot be generalized beyond” the conditions included in
the study. It may be possible that, at higher temperatures, some ice particles with low density may
stick to the surface when the temperature is such that a wet growth regime occurs. They addressed
wet growth regimes in an icing tunnel study discussed below.

The third study was done by Ashenden and Marwitz and is discussed in references 18 and 43. This
study relied on data from the University of Wyoming King Air, as did references 17 and 38. The
work does not employ potential accumulation, the authors noting that its calculation does not
incorporate the mass of the ice crystals. The performance calculations are done in a manner similar
to references 17 and 38 but with some differences, including the use of a variable propeller
efficiency algorithm and the determination of aircraft roll angle components. In order to investigate
the effect of the mixed-phase environment, a 2D-C phase classification algorithm was developed to
separate the ice hydrometeors from the liquid ones.

The major finding of this study concerned freezing drizzle aloft, and it is briefly discussed here
because observations for mixed-phase conditions are directly related to it. The King Air
performance degradation rates were higher in freezing drizzle aloft than in any other icing
environment studied. It is noted that in the worst case the reserve performance capability of the
King Air was consumed within 5 minutes. Observations by the King Air flight crew suggested that
the drizzle drops froze as sharp “feathers” or “glaze nodules” at or just beyond the deicing
equipment. The authors hypothesize that the sharp feathers or nodules are the primary ice structures
which are detrimental to the standard airflow characteristics, resulting in performance degradation.

An important observation particularly striking in two case studies concerned high rates of recovery
upon exiting the freezing drizzle and entering mixed-phase conditions characterized by large ice
crystals and low amounts of liquid water. The authors suggest that the ameliorative effect of the
mixed conditions is due to the feathers or nodules being eroded, or smoothed, by large ice crystals,
as was also suggested in reference 41.
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ICING TUNNEL STUDIES. A particularly well-documented experimental study conducted in
an icing tunnel is discussed in reference 44. The wind tunnel experiments were done with a
fixed (i.e., nonrotating) cylinder, and the results were used to evaluate an analytical model for
fixed-cylinder icing with runback.

The authors state: “The results of these efforts answer a few of the concerns about mixed-condition

icing. They suggest in fact that supercooled water-ice crystal clouds may not pose a serious

hazard.” However, they also say that “many further questions are raised concerning the details of

the accretion mechanism, and these questions will have to be answered before further progress in
modeling will be possible.”

Part of the motivation for the study arose from reports of helicopters flying in natural icing
conditions sometimes experiencing sudden and extreme rates of torque rise, which were not
anticipated on the basis of the icing rig hovering flights.[45] The authors state: “Unfortunately,
insufficient instrumentation was mounted on board the aircraft to determine the complete
microphysical properties of the clouds in which this phenomenon occurred. As a consequence,
speculation as to the cause or explanation of these events was not constrained by a complete set of
measurements.”

The authors list four speculations as to the cause of rapid torque rise. Only Speculation 4, “that
unusual or unexpected environmental conditions were encountered, mixed-phase conditions being
one possibility,” is relevant to this report. The study sought to test the hypothesis that mixed-phased
conditions might help to explain the rapid torque rise by incorporating ice crystals into a
mathematical model of the icing process and undertaking icing tunnel experiments to examine the
assumptions underlying the model.

The method by which the mixed-phase conditions were simulated is discussed in appendix E.
Briefly, finely divided, recently fallen snow was injected into the tunnel by means of a hydraulically
driven conveyor belt mechanism contained in an insulated box. “Snow with a density of 60 to 270
kg/m® was collected out of doors within a few days of its fall and placed in the dry-ice-cooled
conveyor belt channel. It was carefully leveled to a depth of 0.02 m and then fed through an
oscillating rake at a rate of $@o 10? m/s, before falling through a vertical tube into the plenum. A

flat plate was mounted below the end of this tube in order to arrest the fall of any large aggregates,
and to break them up.” Photographs of the ice particles indicated that there had been some
metamorphosis, they were still characterized by “the large surface area to volume ratio typical of
many natural ice crystals.”

The ICC of the air in the working section was varied by changing the belt speed. It was measured
directly with a specially constructed set of five aluminum sampling tubes, screw mounted at 0.05 m
intervals on a bar fitted across the measuring section.

At speeds exceeding about 100 m/s, the ice crystal content in the working section consisted of
both snow which had been directly injected into the plenum and recirculating particles which had
already traveled around the tunnel circuit one or more times. This recirculation did not occur to
any significant extent at lower speeds because the ice crystals are able to settle out in the lower
section of the tunnel.
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The experimental conditions for the tunnel tests were: ambient atmospheric pressure; static
temperatures of & (“warm” icing), -15C (“cold” icing), and -8C; liquid water contents of 0.4,

0.8, and 1.2 g/fh median volume diameter nominally of @fh (actual range: 17 to 38n), and
velocities of 30.5, 61, 91.5, and 122 m/s. As to ice crystal content, an attempt was made to match
the ice crystal content with the liquid water content, since although desirable, it would have been to
difficult and time-consuming to test a range of ice crystal contents for each liquid water content.
“Even the objective of matching ICC and LWC was not always achieved, with ICC and LWC
occasionally differing by as much an a factor of 2 or 3.”

During some of the mixed condition experiments, high-speed movies were taken of the ice crystal
collisions. The speed was high enough to reveal the details of the collisions and the subsequent
motion of the collision fragments, but the framing rate was too slow to stop the motion of the
impinging ice crystals which consequently appear as streaks on the film.

Generally, the deposits grown under mixed conditions showed some evidence of having grown
cooler and drier than their liquid water counterparts. The ice is more milky or opaque and the
surface roughness appears to be diminished.

Notable differences among the liquid and mixed deposits were seen to occur in three cases:
(@) 61 m/s, -5C, and an LWC of 1.2 gfin(b) 122 m/s, -1%C, and an LWC of 0.4 gfnand
(c) 110 m/s, -&C, and an LWC of 0.28 gfin

In case (a) the mixed-condition accretion is superficially less rough than the corresponding liquid
water growth, but it incorporates many large air bubbles and cavities giving it a slushy, milky
appearance.

In cases (b) and (c), the mixed-condition deposits are quite similar to one another in appearance
even though the corresponding liquid water deposits look to be very different.

The outlines of these accretions suggest that the ice particles had a considerable shaping influence.
The authors suggest that “this effect may be attributable to the interaction of a mechanical and
thermodynamic process associated with the ice crystals. The smooth, aerodynamic streamlining of
the lateral surfaces of the accretion suggests a possible erosion process which wears down the
feathery rime that might otherwise grow outwards in this region.”

The effect of the ice crystals in cases (b) and (c) was to reduce the overall mass growth rate by about
25% and to redistribute the remaining deposit mass in a more streamlined fashion.

Thin sections of some of the accretions cut perpendicular to the cylinder axis were made in a way
similar to a procedure that has been used for making thin sections of hailstones. The thin sections
were photographed in transmitted light to show the bubble patterns and between crossed Polaroids
to reveal their crystal fabric. It was hoped that such structural information would cast light upon the
nature of the ice growth processes occurring during accretion. Little difference was seen in the
bubble or crystal structure of sections from liquid water as opposed to mixed-phase conditions. A
possible interpretation of this reddlwhich is consistent with the high-speed movie observations in

that the airborne ice crystals break up on impact, and that only a small fraction remains embedded in
the surface, the rest splashing away.
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Time lapse and high-speed movies were made for some of the experiments, and in most of the
films, it is possible to observe the impact of many individual crystals and thereby gain an initial
insight into the ice crystal accretion process. An important qualitative observation was that many of
the impacting ice crystals bounce off the surface whether it is wet or dry, leaving no apparent
residue in the accretion.

A small fraction of the particles, chiefly the larger crystals and possibly conglomerates, hit the
surface and were observed to break up/splash, leaving an identifiable ice residue in the surface. The
ejected material, which the authors state “is probably predominantly ice, though it may contain
liquid water,” is usually carried away in the airstream. Occasionally an ejected particle was seen to
re-impinge upon the surface and often bouncing again.

This observation would help explain why the mass and dimensional growth rates of the mixed
accretions are not substantially different from the corresponding rates in pure liquid water clouds.

Because the high-speed movies were focused on the central portion of the accretion, they contain no
apparent evidence which might help to resolve the question of whether the streamlining which is
sometime observed is the result of rime feather erosion by the ice crystals.

A comparison of predicted and observed profiles for mixed-accretion cases demonstrated that the
model assumption that when the growth is wet, all the impinging ice crystals stick, or at least
enough of them to make the deposit just dry was seriously wrong. In fact, as the high-speed movies
and the experimental profiles indicate, not nearly all of the ice crystals adhere to the surface even
when it is wet.

The authors conclude that for the conditions examined, “it seems that mixed-condition icing need
not pose as serious a concern as had been suspected since they do not lead to greatly enhanced icing
rates. The net effect of the addition of ice crystals to the air stream in some cases may even be a
small reduction in the mass growth rate coupled with an apparent streamlining of the profiles
perhaps due to erosion.”

A second icing-tunnel study of icing in mixed-phase conditions was conducted in a mountain top
instrumented wind tunnel operating in natural icing conditions. The facility was at the
Observatoire du Puy de Dome, located on the summit of Puy de Dome mountain, more than
4,000 feet above sea level. This study, which is described in reference 46, grew out of the flight
study presented in reference 42. As previously noted, the observations of icing in mixed-phase
conditions for the in-flight study were in a dry growth regime. This study provided results for a
wet growth regime.

Two fixed-cylinder ice accretions were obtained under icing conditions that were similar except
that (a) one was obtained with supercooled water only, and (b) the other was grown in mixed
conditions with a large ice particle concentration.

The ice of example (a) was characterized by a profile of constant thickness across the whole
deposit, a glassy aspect of the ice, and an ice surface with large roughness. The ice profile of
example (b) was quite different in that the profile was elliptical, the ice had a white aspect, and
the ice surface was smooth.
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Furthernore, the mxed-phase conditions again resulted in a reduction in accretion. The authors
explain this as follows:Let M denote meased accreted mass onethylinder and M denote
calculated accretethass on thecylinder for the given xperimental conditions. Forxample

(@), it was foundhat M = 90 g and M = 10.6 g, viereas for xample (b), it was found that

M =3.0gand M. =76 g. Thus fo (a), thevalues ofM and M are reasaaldy close, vihereas

for (b) they show a difference of about 60%.

The authorsglain the observed white aspect of the accretion kediphase conditionsy the
incorporation of ice iystals into the structure. &hdo not mention @y documentation of this
happemg, and their eplanation contradicts the finais of reference 44.

The authors alsoseribe the difference in tghness to the assumeadarporation ofice aystals
into the structure. Tdy assert that under pukbg liquid supercoted conditions, “the ice sicture
presents extendedystals with a radial eentation in contrast with smaffranular cystals
observed in mied conditions. This leads to a rough ice surface in the fisstarzad a smoother
ice surface in theecond.”

In a dy growth regime, the authors had postulated that the ice f@rth@ad bounced offi¢ ice
structure, substantigl erodirg it in the process if the partes were suffienty large. However,

in the wet growth rgime, the particles are believed to be incorpetanto the structure, thus
giving it its white aspect. How, then, is the reduction in accreted mass which is observed in both
dry and wet conditions to bexglained for wet conditions? The authors ascribe it to a loss of
water “incduced by a weakheat transfer coefficient” e to the smoother surface in xad
conditions.

ENGINE ICING.

It hasbeen reognized at least since the 1950s that igieerl or nmxed-phase conditions can
present dazard to somengines. ADS-4 ntes that these conditions are not ulgualproblem,
but then notes: “Thexeeptions havéeen in the case of turi@ engine inlets 6 great length and
curvature. Concentrations of iceystals at bends or flow versal points aa result in
intermittent sheddi into the egine, resultig in ergine flameout. This problem ay be
aggravéed by areas of dcting that mgy be warm from cotact with hot sections of thengine.”
Note that it isgeneraly believed that these concentrations of icgstals form at aedynamic
stagnation points where local airflow weity suddehy drops due to the floywath shape. Aese
engne inlet ice collection points are intended to be adddaeby 14 CFR 33.77(c), where ice
slab ingestion is considered as a result aiyael inlet anti-ice activation. The intent of this part
33 paragraph is to demonstrate thagiees can ingest ice slabs thatbaccréed on the inlet
surfaces.

William Lewis [5], stated that “interior ductyrhavirg reverse bends or ggaation areas ay be
subject to icing in snow or xed cloud.”

O. K. Trunov [6] speaks of the “greatmiger for certaintypes of egines” from ice cystals. He

contrasts an gmne “with an almost rectilinear air intake channel” to one inclithe air flow
changes the direction of its motion 180 degreesr he combustion chambets He indicates

19



that the second is much more susceptible toe€gative influace of ice cystals” becausef
possible “accumulation of iceystals on the bent section of the air intdke

Since 1988, there kia been several incidents in whichparticular aircraf engine deggn,
utilizing an unusual dual-stagagh-solidiy first stage low-pressure compressor stab@as
experienced power loss instabilities when exposed to an adydneaty concentration of ice
particles and, in at least someses, mked with liquid water. The availabladht daa recorder
and meteoralgical evidence from thesedidents suggests thateghocaurred most often in the
anvil areaof thunderstorms. Several occurred when flight crews uakimng he approriate
action to avoid the large threats from flight in or around thunderstorimseach cse it is
believed thanonaerdynamic glaze ice formed and accumulated on an unusgaiedesign
feature, spedi€ally the dual-stage higsolidity first stage low-presge compressor stators. This
ice accumulation resulted ingsificant aerdynamic blockge to the core of the gime.

Refereace 15 noteshiat most of the incidents occurreda a flight altitude of 30,000 ft msl,
often when fight crews were nmeuvering around the stig radar ecbes daracteristic of
thunderstorms. A common s&io was that ‘te engines lost power sloly at first, culminating
in a rapid (uncommaied) reduction of power toifht idle, commoly called egine rollback”
Engine pwer authorty usually “retumed ater descent thigh the freezig level.”

Reference 15 also notes that “in noses did the pilot or crew rept more than tracer light
airframe icing at fight altitude,” siggestng that vey little liquid water was praent, which is
typicaly the case in the anvils of thunderstorms.

Anvils of thunderstorms form when the tlilemstorm cloud spreads out at the tropopause, where
there is a temperature inversiom the middle latitudes of dith America, this occwerat around
30,000 fee msl. Most transport jet airctatruise at 33,000 to 40,000 feet msl (aboke t
weather) and so theirngines are not>@posed to these conditions. Howee, it has been
speculated that in other parts of therld where the tropopaa is hidher than in Mrth America,

and where air travel is increagi more transqrt jet aircraft nay encounter these conditions.

EFFECT ON A TOTA AIR TEMPERATURE (TAT) PROBE.

Reference 15, quoted above concemiengine rollback in the anvils of thunderstorms, also
discusses testing of a hhed TAT prdoe following instances of erreous temperature reads
from such probes in these conditions.

The probe was tested in a wind tunnel in both allpaeicle and mied-phase conditions, with

ice particlesof a mean diametesf about 1 mm andWC as high as 5 grh The test results
indicated that the probe tended togcimith ice particlesl both with and without liquid watéer

and that this behavior was intensifieg the small concetnations of liquid water sed. “When

the ice brigle forms, the probe heaters warm the sensor, which now is not ventilated with
ambient air, to near the melgjrtemperature of ice (i.e.,°Q),” and the prbe registers an
anomalous warm temperature. Thus this problem is attributed to the sasee i@y sharp
turning of intenal flow, as tle cawse that ADS-4] ewis and Trunov gie for engine problems in
glaciated or mied-phase conditions.
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Further work on the grountésting of a TATprobe is reprted in reference 47. This sywas
performed in a wind tunnel and deause of a spéally constructed ice particlaund gun.
Investigators variedce particle size and dengiin their investigation but did not includeya
data on the perfornmae of e probe in their publication.

EFFECT ON THERMA. ICE PROTECTONS SYSTEMS.

There is a difference of opinion in theryeneaer public literature on the question of whether or
not ice particles nie an additional deand on the capai of thermal ice protectiogystems. If
they simdy bounce off even if the surface is heated, théeyt do not. On the othdrand, if they

do not bounce off, additional heat will be required fromsjrstem.

In his adlress to the FAAymposium in 1969 [5], WillianLewis stated: If a cloud is composed
entirdy of ice aystals, ichg does not occur onxternal surfaces, whether tted or not.”
However, he gives no referees in support of this assertion, antestauthorities indida that
the situation is different for a hieal surface.

ADS-4 makes a strg statenent concermig this matter (without providg a reference) on page
1-24:

Flight thraugh cloudsof ice aystals calls fo careful eercise d good judgment
by the aircraft pilot. Normdy, the ice protection syteems should not be turned
on, as the airframe anagine surfaces will remaine€an. In a ‘mixed’ cloud, ice
may accumulate and require uskthe iceprotection equipment. e cgaciy of
thermalsystems may be excealed, howeer, and it nay be necessg to escgpe
the icing condition as ragigas possible.

It also notes speculation that “reports of excessive ioiight be the result of iight in mixed

clouds with anti-icingsystems overteed by the increased heat rdsal first to melt the ice
crystals, then to warm and ewapte the watet However, it states thatdocumente evidence
of severe airframecing problems in clouds of icergstals or nked clouds is lacking

A paragraph on page 5-9 notes tieed br a pilot makng an accurate figment as to whaer he

Is in glaciatedbr mixed-phase conditions in deaidi whether or not to turn on his ice protection
system and warns of possible serious coneagesof making the wrang decision (althagh,
again, no reference is prod):

When encounteng ice gystals and snow idry clouds, it is not necesgato turn

on the ice protectiogystem. However, when iceystals mixed with ligid water
are excountered, it is possible for thepaeity of the ice protectiosystem to be
exceeded. With the ice protecti@gstem in operation at these conditions, the
runback nay be severe (for themal systems) and \aasive action ma be
necessy.

In his text, Trunov [6] states that “in the majtyiof the obsewationrs the crystak are nat retained
on the cold surface ohé aircraft. Hwever, if its temperature is Higr than OC (due to the
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work of the decing system, kineticheatng, or other cases), then th crystals touchmg the
surface settle on it, partiglor completéy melt, and can freezeain.”

Trunov also provides a nf@matical aaysis of heat requirementand, comparig two
equations he deres, “the heat requirement protection fromy&tal’ icing is greater than in the
case of he liquid drop with the same content per unit volume of air, liquid water, iystats,
other things beig equal.”

Therehave been repts that if sufficientheat is not supplied, a sort of snow/ice cagavering
can form on top of a thermakated leadingdge in glaciated or med-phase conditions with
high TWC. The cap is melted from undeath but is continubi replenishd from the ice
particles in the air stream and theref can persist as long asetaircraft continues in such
conditions.

CONCLUSIONS

1. Mixed-phase conditions in the atmosphere are common. The avddédbeggest that a
conservative estimate is that an aircraftyrba in mxed-phase conditions as much as
20% of the time that it is operating inngi conditions, and that substantahigher
figures nmay be approprite in some gegraphic areas. This ay suggest that neither
aircraft nor egines are particulty susceptible to mxed-phase conditions on the basis
that the actual number of identifiable related service difficulties has been minimal over
several hundred million flight hours accumulated over the agedrs.

2. The available data indicate that mixed-phase conditions occur with a sublgtdondgtadr
frequency than do supercooled large drefs SLD) in cloud.

3. Mixed-phase conditions in the atmosphere ateemdy valiable, and characterization
data which are suitableorf addressing wpstions of aviation sdfe are vey limited.
(There is more, althgh still meager, characterization data available daciated
conditions.)

4, Measuremenbf mixed-phase conditions requsreither labor intensie methods (slides,
etc.) or sophisticatedrobes. Traditiondy, dectrooptical two-dimensional probes ke
been used, but these have limited resolution and acurdlew probes designs are
becomiry available, but in-fight testirg of them has been limited.

5. Facility simulation of mxed-phase conditions is difficult and not done rouyine North
America. It is not known how well @y of the various methods that havween sed
actualy simulate the natural environment. The uncetyaisi compoundedby a lackof
agreenent as to the degre# fidelity necessgy for the invesigation of varioussafety
questions. For example, while it ynbe adequate to simulate the ice phase with small ice
spheres for investigation of internalgame icing, this is less satisfaatp to address
questions concemy structiral icing.
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10.

11.

12.

The circumstances described in 3, 4, and 5 present very significant practical problems in
using either tunnel simulations or inflight testing to assess possible safety hazards due to
mixed-phase conditions.

The available data, which is for a single small turbopropeller airplane, do not indicate that
there is any difference in performance effects caused by structural icing resulting from
flight in mixed-phase conditions rather than in purely liquid supercooled cloud.
Exposure to large ice particles following flight in large supercooled droplets in cloud
resulted in rapid performance recovery in a few documented cases.

The available data indicate that the presence of ice particles in a cloud containing liquid
water can sometimes reduce structural icing rates that would be observed with the liquid
water only. It has been hypothesized that this effect is due to ice erosion in dry growth
regimes and to changes in heat transfer in wet growth regimes. The limited data on
reduction of icing rate is for icing tunnel and flight studies at a restricted range of
conditions and does not appear sufficient for generalization.

Major technical reports going back to the 1960s state that exposure to mixed-phase or
glaciated conditions can cause anomalies in engines with pronounced bends or flow
reversal points. Documented studies in the open literature elucidating such behavior are
lacking.

Reports in recent years indicate that one aircraft engine design has experienced power
loss instabilities in mixed-phase or glaciated conditions encountered in the anvils of
thunderstorms.

Major technical reports going back to the 1960s state that the capacity of thermal systems
may sometimes be exceeded by mixed-phase conditions. More recent information on this
issue in the open literature is lacking.

Guidance to pilots as to the operations of thermal ice protection systems should

emphasize the differences between appropriate action in mixed-phase as opposed to
glaciated conditions as well as how to distinguish between these conditions.
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APPENDX ALl SUMMARY OF DISCUSSION OFMIXED-PHASE CONDITIONSIN
NTSB SAFETY RECOMMENDATONS A-81-116 AND A-8-54, NTSB SPEIAL
STUDY NTSB-SR-81-1, AND N¥B/FAA OFHACIAL CORRESPONDENCE
CONCERNNG THE RECOMMENDATIONS

The NTSB raised the issue dfet possible inclusion of med-phase conditions in the FAA’s
icing certification requirements in S&feRecommendation A-B116, dated Septdrer 24,
1981, which states:

Review the icig criteria published in 14 CFR 25 irghit of both recent research into
aircraft ice accretion underarying conditions of liquid water content, drop size
distribution, and temperature and recentalepments in both the design and use of
aircraft and gpand the certification envelope to include fregaiain and nmied water
droplet/ice cystal conditions, as necesy.

This recommendation, aig with three others, followed special @yuNTSB-SR-81-1, entitled
“Aircraft Icing Avoidance and Protection” published on Seftien®, 1981.[48] The discussion
of icing in mixed-phase conditions in the syud limited to two pasges. The first occurs near
the end of the section entitletting Parameters”:

Water also is found in the atmosphere in icgstals whch include snev and ice
pellets (sleet).Frozen particles do not normally bere to aircraft surfaces and are
not considered a hazard. They nimcome hazardous when mixed with water drops,
but there is insufficient data available to document this. {ltalics added.}

The secongbassag@ccurs in the last paragraph of weetion entitled Fcing Forecasts”:

The measurement and forecagtof the meteorological parametesssociated with
icing would be oty the first of two parts of an improved ng forecasting sstem.

The second and eqlpimportant part would be thev@luation of aircraft pedrmance
throughout a reasable range of themeteorobgical paraneters. This is bag done
currenty to the atent necesary to meet the [®cifications of 14 CFR 25 for those
aircraft certificated tol§ into known ichg conditions, but considergbmore dada
would be required to spdyiperformance uder specific iang conditions. The range

of weather parameters would have to be expanded to maohixkd ice crystals and
water droplets and the large drop sizes encountered in freezing rain. {ltalics added.}

Thus the report provides no evidence tlaaard specificdy related to mied-phase conditions,
statirg only that such conditions ag be hazardous, but that there was insufficieta daailabe
to make a jugment.

From 1981 to 1989, A-81-119 was discussed in oifffieial letters between the FAA and the
NTSB. Thesdetters contain some discussion of thésty hazard due to flight in freezing rain
(and, in some s, freezing drizzle), but there is no discussion sffely hazard due to rred-
phase conditions.



On October 31, 1994, an Avions de Transport Regional Model 72-212 (ATR 72) crashed near
Roselawn, Indiana, after holding in icing conditions. NTSB investigators concluded that drizzle-
sized supercooled droplets contributed to the accident; they did not find that mixed-phase icing
conditions were a contributing factor. On August 15, 1996, the NTSB issued Safety
Recommendation A-96-54 in connection with its investigation of this accident. The
recommendation includes mixed-phase conditions, essentially in the same way as A-81-116. It
states:

A-96-54. Revise the icing criteria published in Code of Federal Regulations (CFR),
Title 14, Parts 23 and 25, in light of both recent research into aircraft ice accretion
under varying conditions of liquid water content, drop size distribution, and
temperature, and recent developments in both the design and use of aircraft. Also,
expand the appendix C icing certification envelope to include freezing drizzle/freezing
rain and mixed water/ice crystal conditions, as necessary.

This time mixed-phase conditions are joined with freezing drizzle as well as freezing rain. Two
official letters between the FAA and the NTSB have addressed A-96-54; these letters also
contain no discussion of a safety hazard due to mixed-phase conditions.



APPENDIX B TABLES OF OCCURRENCE OF GLACIATED, MIXED-PHASE,
AND PURELY LIQUID SUPERCOOLED CLOUDS

(Table 11l from NACA TN 1904 [12])

TABLE B-1. FREQUENCY OF ENCOUNTER OF VARIOUS TYPES OF
METEOROLOGICAL CONDITIONS DURING THE 1948 OPERATION

Number of Percent of Total
Minimum Percent of Time in Continuous
Condition Total Flight or Intermittent
Condition Prevailed Time Visible Moisture
Clear air 6523 61.1 -
Liquid cloud
Continuous 209 2.0 5.0
Intermittent
Clear air predominant 504 4.7 12.1
About one-half clear 368 3.5 8.9
Cloud predominant 325 3.0 7.8
Subtotal, liquid 1406 13.2 33.8
Mixed snow and liquid
cloud
Liquid predominant
Continuous 180 1.7 4.3
Intermittent 384 3.6 9.2
Snow predominant
Continuous 310 2.9 7.5
Intermittent 108 1.0 2.6
Subtotal, mixed 982 9.2 23.6
Snow
Continuous 1122 10.5 27.0
Intermittent 228 2.1 55
Subtotal, snow 1350 12.6 32.5
Rain 335 3.1 8.1
Rain and snow 30 0.3 0.7
Freezing rain 13 0.1 0.3
Freezing rain and liquid 41 0.4 1.0
cloud
Totals 10,680 100.0 100.0
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TABLE B-2. OCCURRENCE OF DIFFERENT PHASES OF CLOUDS (TABLE 2 [6])

Occurrence of Phases Occurrence of Phases
of Clouds in % of Clouds in %
Number Number
of Obs of Obs
During | Liquid- During | Liquid-
Form of Clouds| Icing Drop Crystal| Mixed Icing Drop Crystal| Mixed
St, Sc, Ac* 720 74 2 21 138 68 10 2P
Ns-Sc - frontal 148 70 - 30 4( 40 1p 48
Ns - As - 246 12 8 80 254 2 20 78
frontal
As - all cases 182 30 12 5 130D 2 48 50
Cb - all cases 160 18 3 7 70 - 41 59
Average Occurrence in % Average Occurrence in|%
41 | 5] 54 22| 26 52

*of uniform air masses

St - stratus

Sc - stratocumulus
Ac - altocumulus
Ns - nimbostratus
Sc - stratocumulus
As - altostratus

Cb - cumulonimbus



APPENDIX CJ TABLES OF SUGGESTED TESTING STANDARDS

FOR GLACIATED AND MIXED-PHASE CONDITIONS

TABLE C-1. ICE CRYSTAL CONCENTRATION STANDARDS

(TABLE 1-6 FROM ADS-4 [4])
(Supplied by the National Research Council of Canada.)

Maximum Total
Ambient Concentration Maximum
Temperature| Altitude (ice crystals plus LWC) | Concentration in Extent
°C 1,000 Ft. gm/n? Liquid Form gm/nf Mi.
8 1 0.5
0to -20 10 to 30 5 1 3
2 1 50
1 0.5 Indef.
5 0 3
-20 to -40 15t0 40 2 0 10
1 0 50
0.5 0 Indef.
2 0 3
-40 to -60 20 to 45 1 0 10
0.25 0 Indef.
1 0 3
-60 to -80 30 to 60 0.5 0 10
0.1 0 Indef.
Thirty minutes exposure is considered for the “indefinite” extent.
NOTES (Ref 1-29)
1. In the present state of knowledge, it is not possible to say how much of the “total free water

contents” tabulated exist in the form of water and how much as ice crystals, because supercooled
water has been shown to exist at temperatures down 1G.-4Burthermore the percentage of ice
crystals and water may vary considerably in any one cloud.

2. From present information it appears that the worst condition for engine and intake icing in mixed
water/ice crystals occurs when there is a small quantity of water present.

3. The following assumptions may reasonably be made for design purposes:

a.

b.

Below -20°C all the water present may be assumed to be in the form of ice crystals.

Of the total free water shown in the 0 to *20range, not more than 1 gni/should be
taken as water and the remainder as ice crystals, except where the total water content is
shown as 1 gm/fwhen half should be considered as water and half ice crystals.

When the extent of the condition is shown as “indefinite,” it is acceptable to show that
the airplane functions satisfactorily during 30 minutes continuous exposure to the
conditions.
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TABLE C-2. GENERAL CONDITIONS OF LIQUID-DROP AND
CRYSTAL ICING (TABLE 10 [6])

Temperature of the Range of General Content of | Extent of Zones of
External Air Altitudes the Watet Icing
() (m) (g/m) (km)
From O to -20 3000 - 9000 8.0 0.8
From O to -20 3000 - 9000 5.0 4.8
From O to -20 3000 - 9000 2.0 80
From O to -20 3000 - 9000 1.0 > 160
From -20 to -40 4,500 - 12,200 5.0 4.8
From -20 to -40 4,500 - 12,200 2.0 16
From -20 to -40 4,500 - 12,200 1.0 80
From -20 to -40 4,500 - 12,200 0.5 > 160
From -40 to -60 6,000 to 13,700 2.0 4.8
From -40 to -60 6,000 to 13,700 1.0 16
From -40 to -60 6,000 to 13,700 0.25 > 160
From -60 to -80 9000 to 18,200 1.0 4.8
From -60 to -80 9000 to 18,200 0.5 16
From -60 to -80 9000 to 18,200 0.1 > 160

Making up the general content of water is water in the form of drops and crystals but not in the form of vapor.

TABLE C-3. PROVISIONAL DETAILS OF CONDITIONS LIKELY TO BE
ENCOUNTERED IN SERVICE (TABLE 3 [36])

Air Maximum Mean Particle
Temperature Crystal Content Diameter
(°C) Altitude Range (g/m®) Horizontal Extent (mm)
0 (ft) (m) (km) | (n miles)
to 10, 000 3,000 5.0 5 3
-20 to to 2.0 100 50 1.0
30,000 9,000 1.0 500 300
-20 15,000 4,500 5.0 5 3
to to to 2.0 20 10 1.0
-40 40,000 12,000 1.0 100 50
0.5 500 300
NOTES:
1. In the temperature range O to 2@Mthe ice crystals are likely to be mixed with water droplets

(with a maximum diameter of 2 mm) up to a content of 1>@nhalf the total content whichever

is the lesser, the total content remaining numerically the same.

2. The source of information is RAE Tech Note Mech. Eng. 283, date May 1959.
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TABLE C-4. PROPOSED ICE/SNOW TEST SPECIFICATIONS FOR

INFLIGHT CONDITIONS [37]

(&) Anvil Clouds (above 25,000 Ft ASL):

Range of Variables

Representative Values

Altitude 25,000 - 50,000 Ft ASL 25,000 - 35,000 Ft ASL
OAT -25°C to -50C -25°C to -35C

IWC up to 1.2 g/m 0.6 g/mt

Maximum Diameter 1-10mm 1-10mm
Horizontal Extent ? 5-20 nmi

(b) Cirrus Clouds and Deep Winter Storms (above 20,000 Ft ASL):

Range of Variables

Representative Values

Altitude 20,000 - 50,000 Ft ASL 20,000 - 35,000 Ft ASL
OAT -20°C to -50C -25°C to -50C

IWC 0t0 0.2 g/m 0.05 g/
Maximum Diameter 0-3mm 1 mm
Horizontal Extent 5-100 nmi 20 nmi (cirrus)
Horizontal Extent 100 - 500 nmi 100 nmi (deep winter storr

ms)

(c) Other Snow/Ice Clouds (below 20,000 Ft ASL):

Range of Variables

Representative Values

OAT 0°C to -30C -5°C to -25C
For OAT from OC to -20C

IWC - for horiz ext. < 30 nmi 0to 3 gfn 0.6 g/m
IWC - for horiz ext. > 30 nmi 0to1gfn 0.4 g/mt
Max Dia. 0-10 mm 1- 8 mm
For OAT from -20C to -30C

IWC - for all horiz ext. 0-1g/fh 0.2 g/n?
Max Dia. 1-5mm 1-4mm
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APPENDIX D0 COMMENT ON “THE PROBLEM OF CERTIFYING
HELICOPTERS FOR FLIGHT IN ICING CONDITIONS”
BY LAKE AND BRADLEY

In October 1976, an article by H. B. Lake and J. Bradley appeared in the Aeronautical Journal
entitled “The Problem of Certifying Helicopters for Flight in Icing Conditions.”[45] Statements
have appeared in the literature ascribing to this paper the assertion that high icing rates were
observed in mixed conditions. However, the paper does not include any such statements, and in
fact there is no paper in the open literature known to the author which supports this position.

The article by Bradley and Lake was originally presented at the “Icing on Helicopters”
Symposium held the preceding year; it described icing trials of a Wessex Mk. 5 helicopter
carried out in the United Kingdom over a period of several years. One important finding was
that “the effects of icing on the unprotected helicopter rotor can vary enormously. In some
conditions there is only a small power increase required, even during prolonged encounters,
while on other occasions very large power increases can be required within one or two minutes
of encountering icing.”

Two references used in this report state that Lake and Bradley ascribed this behavior to mixed-
phase conditions. Specifically, reference 17 states that “Ice accumulation due to encounters with
ice particles have been discussed by Lake and Bradley (1976), who indicated that under mixed
cloud conditions ice particles could contribute to the accumulation of ice” and reference 39 refers
to “the conclusions of Lake and Bradley (1976) who attributed the high icing rates they observed
to the high concentrations of the ice particles in a mixed cloud.”

However, as noted above, the paper does not ascribed the behavior to mixed-phase conditions or
to any other cause. The authors report that “for a variety of reasons we have been unsuccessful
in our attempts to quantify the icing environment in which we have done our work.” Thus they
are not able to give even a tentative explanation of this rather perplexing behavior.

Reference 44 states that these findings occasioned speculation “not constrained by a complete set
of measurements.” Prominent among the possible causes proposed was mixed-phase icing.
Perhaps this speculation took place at the symposium at which the paper was originally
presented, and perhaps one of the authors took part. This could have led to the statements in
references 17 and 42. In any case, there is no discussion of this in the paper itself.
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APPENDIX EJ] SIMULATION OF ATMOSPHERIC MIXED-PHASE CONDITIONS

The simulation of mixed-phase conditions involves two technical problems: first, production of
ice particles and second, entrainment of the ice particles along with supercooled droplets in the
air flow. These will be discussed in turn, although for some approaches this division is artificial,
as the solution of the first is directly linked to the solution of the second.

1. Production of Ice Particles

1.1 Growth of Ice Particles in a Separate Cold Chamber Under Conditions Which Simulate
Those Under Which They Are Produced in the Atmosphdreference 44 mentions an
apparently successful attempt to produce small ice crystals for wind tunnel experiments by
nucleating droplets with liquid nitrogen and growing them in a supersaturated cold chamber.
This approach is limited by the residence time required to obtain sufficiently large particles.
Although there have been limited efforts of this kind, apparently a way has not been found to
produce sufficient numbers of ice particles using this approach.

1.2 Collection of Recently Fallen SnowThis was done for the experiments described in
reference 44, which explains that snow was collected out of doors within a few days of its fall
and placed in the dry ice-cooled conveyor belt channel in an insulated box. “It was carefully
leveled to a depth of 0.02 m and then fed through an oscillating rake at a ratetof103 m/s

before falling through a vertical tube into the plenum. A flat plate was mounted below the end of
this tube in order to arrest the fall of any large aggregates and to break them up.”

1.3 Production of Bulk Ice Followed by Break-Up/Crushing and Sieving to Obtain Ice Particles
of Desired Shape and DensitiReference 47 describes a project where this approach was taken.
This will be described in some detail to emphasize the problems involved.

High-density ice particles were produced by freezing tubs of demineralized water, breaking the
ice into progressively smaller pieces, and repeatedly sieving them to obtain the required particle
sizes.

Lower-density ice particles were manufactured using a set of water spray nozzles mounted in a
low-speed air outlet duct and two screens in the tunnel settling chamber in the wake of the
nozzles. It was found that the density of the ice on the screens was correlated with air velocity.
Ice was allowed to form on the screens for periods of about 10 minutes, after which the screens
were vigorously shaken, and the ice fragments collected. A block of wood with a curved face
was used to force the particles through the sieves. The process was repeated three times and
particles of specific sizes collected and stored in various buckets. This approach permitted the
manufacture of relatively large amounts of particles and their storage so that a series of tests
could be conducted in rapid succession. In some cases, particularly with the finer particles, the
particles were resieved immediately prior to the test to avoid caking.

The authors note that large amounts of ice formed in many areas of the test facility during ice
manufacture using the spray nozzles and some of this was retrieved and used in the tests.



The authors state: “Considerable efforts were required to produce the vast quantities of ice
required. Indeed, the amount of ice consumed ... was the limiting factor in the rate of testing.
The difficulties of spending day after day crushing blocks of ice into ever smaller pieces in a
room at -20C has to be experienced to be fully appreciated.”

1.4 Shaving of Bulk Ice With a Sharp Instrument Such as a Knife or a Rdference 49 notes

that the fall speed and snow density of ice shavings produced mechanically with a sharp cutting
edge are quite similar to the actual densities and fall velocity of natural snowflakes (snow
crystals aggregated together).

1.5 Use of Water Spray Nozzles to Produce Ice ParticRsferences 50 and 51 describe the use

of water spray nozzles, of the air-blast atomizing type, to provide tunnel conditions ranging from
all liquid water to mixed-phase conditions to totally frozen-out ice crystal clouds. This is
accomplished by adjustment of the temperature and pressure of both the air and water. The exact
process by which the ice crystals in the spray are produced is not fully understood, but tunnel
conditions can be correlated to the temperature and pressure of the air and water.

Reference 52 notes that mixed-phase conditions were simulated in the AEDC icing tunnel by
using two sets of spray nozzles. One produced liquid water droplets which traveled down the
tunnel to became supercooled droplets and the other froze the water particles into ice crystals as
they left the nozzle. The ice and liquid water contents were deduced from the tunnel flow and
the corresponding amount of water sprayed from each set of nozzles.

2. Entrainment of the Ice Particles in the Air Flow

2.1 Injection of Ice Particles Into Plenum Using a Hydraulically Driven Conveyor Belt
Mechanism Contained in an Insulated Bobhis method was used in the research described in
reference 44 (see 1.2 above) using recently fallen snow, but could presumably be used with ice
particles produced in other ways.

The ice crystal content in the working section was varied by changing the belt speed. The ice
crystal content in the working section was measured directly using a set of five aluminum
sampling tubes. The crystals were injected into the tunnel with essentially no horizontal
component of velocity; their velocity was assumed to be in equilibrium with the tunnel air stream
in the working section.

2.2 Use of Specially Designed Ice Guim the project described in reference 48, it was decided
that in order to accelerate the ice particles to the tunnel airspeed, a compressed air system
running at subzero temperatures would be used. A special gun was developed capable of
injecting ice particles into a test section. The gun and associated air supply system were capable
of producing ice particle concentrations of up 5 ginfion periods up to 10 minutes at a particle
velocity of approximately 170 m/sec (560 ft/secthe gun design included two cylinders for the

ice particles mounted above the air supply/ice mixing section. A piston in each cylinder moved
the ice particles at a controlled rate, allowing them to fall down transparent plastic pipes into the
mixing section of the gun where they are accelerated to the tunnel velocity along a long bar by
high-pressure air.



The research described in reference 47 concentrated mainly on ice crystal clouds, but did include
investigation of mixed-phase conditions. Difficulties were encountered in simulating mixed-
phase conditions at the higher gun air flows.

2.3 Use of Spray Nozzledf spray nozzles are used to produce the ice particles (see 1.5 above),
then the ice crystals are entrained in the spray in the same manner as the liquid water drops.

3. Current Simulation Capability: Limitations and Uncertainties with Respect to Investigation
of Safety Issues

The methods described have been used effectively to investigate various specific safety and
research questions. For example, the spray nozzle method (see 2.3 above) has been used to
investigate questions concerning nozzle icing and the ice particle production method described in
1.3 above has been used with an ice gun (see 2.2 above) to investigate the effect of ice crystals
and mixed conditions on a temperature probe. However, these methods require special efforts in
most facilities; an on-demand capability to simulate mixed-phase conditions currently exists only

in the Artington Icing Wind Tunnel of Aerospace Composite Technologies in England. The
tunnel description states that ice crystals are “mechanically produced up to 2.7 kgtrain

nominal average size of 1 mm.” Further details are not provided.[53]

All the methods described have certain significant limitations or associated uncertainties. The
spray nozzle method (see 2.3 above) can only be used to investigate questions for which it is
acceptable to simulate the ice particles by relatively small spherical particles. Furthermore,
direct counting or measurement of the ice crystals in the plenum would apparently require new
instrumentation, perhaps using the polarization properties of ice. This problem arises because
the main method for distinguishing ice particles from liquid water droplets, used in atmospheric
studies, is based on recognizing the irregular shapes of the ice particles, but in this case the ice
particles would presumably be quite regular and approximately spherical.

An important limitation of the other methods appears to be the difficulty involved in the
production of sufficient quantities of ice crystals if extensive testing is required.

Issues which are carefully addressed in the simulation of purely supercooled clouds, such as flow
guality in the tunnel and uniformity of the cloud, would appear to raise difficulties with all the
methods described.

All the methods described above use an icing tunnel, and all share a significant limitation with
respect to engine testing, namely the inability to simulate the discontinuity between icing particle
temperature and local air temperature within the engine. Since the tunnel air is used to supercool
the liquid water droplets and to maintain the ice crystals frozen, its static temperature must be
subfreezing. For an engine in flight, the local air temperature at a component downstream of a
rotating stage can be quite warm while the icing particles reaching that component are still cold
due to the slow thermal response of the particles. As a result, the heat balance on the component
surface is different for the tunnel test hardware and the actual flight hardware. Attempts to
introduce hot air just upstream of the test article have been found to disturb and melt the icing
particles.[52]



One important uncertainty with the methods described concerns how well they simulate the
natural environment. This is compounded by the circumstance that the degree of fidelity of the
simulation necessary for the investigation of some safety questions is itself uncertain.

The conditions in the working section would appear to be substantially more uncertain than those

for simulation of a purely supercooled cloud because of difficulties in measuring and counting
the ice particles and, in some cases, in determining their velocities.

E-4



	Abstract
	Key Words
	Table of Contents
	List of Tables
	1999 CD CONTENTS

